Molecular dynamics (MD) has greatly contributed to understanding and predicting the way 14 proteins fold. However, the time-scale and complexity of folding are not accessible via 15 classical MD. Furthermore, efficient folding pipelines involving enhanced MD techniques 16 are not routinely accessible. We aimed to determine whether perturbing the electrostatic 17 component of the MD force field can help expedite folding simulations. We developed 18 charge-perturbation dynamics (CPD), an MD-based simulation approach that involves 19 periodically perturbing the atomic charges to values non-native to the MD force field. CPD 20 obtains suitable sampling via multiple iterations in which a classical MD segment (with 21 native charges) is followed by a very short segment of perturbed MD (using the same force 22 field and conditions, but with non-native charges); subsequently, partially folded 23 intermediates are refined via a longer segment of classical MD. Among the partially folded 24 structures from low-energy regions of the free-energy landscape sampled, the lowest-25 energy conformer with high root-mean-square deviation to the starting structure and low 26 radius of gyration is defined as the folded structure. Upon benchmark testing, we found 27 that medium-length peptides such as an alanine-based pentadecapeptide, an amyloid-β 28 peptide, and the tryptophan-cage mini-protein can fold starting from their extended linear 29 structure in under 45 ns of CPD (total simulation time), versus over 100 ns of classical 30 MD. CPD not only achieved folding close to the desired conformation but also sampled 31 key intermediates along the folding pathway without prior knowledge of the folding 32 mechanism or final folded structure. Our findings confirmed that perturbing the 33 electrostatic component of the classical MD force field can help expedite folding 34 3 simulations without changing the MD algorithm or using expensive computing 35 architectures. CPD can be employed to probe the folding dynamics of known, putative, or 36 planned peptides, as well as to improve sampling in more advanced simulations or to guide 37 further experiments. 38 39 4 Author summary 40 Folding represents the process by which proteins assemble into biologically active 41 conformations. While computational techniques such as molecular dynamics (MD) have 42 provided invaluable insight into protein folding, efficient folding pipelines are not 43 routinely accessible. In MD, the behavior of the studied molecule is simulated under the 44 concerted action of multiple forces described by mathematical functions employing 45 optimized parameters. Using non-native parameters effectively perturbs the MD force 46
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allow these elements to reposition themselves relative to one another. This approach 134 ultimately facilitates folding over a much shorter time scale, and thus requires significantly 135 fewer computational resources than those necessary for folding using currently available 136 techniques.
137
Benchmarking a CPD protocol 138 To examine whether CPD can help expedite folding simulations, we implemented the 139 above-described principles into a simple pipeline covering 45 ns of simulation time (Fig   140   1 ). The CPD protocol used in this study had two main stages: one focused on obtaining 141 suitable sampling, and one focused on identifying and refining the folded structure. The 142 detailed description of the pipeline is as follows, with the values in parentheses 143 representing the exact settings used in the benchmark. Within stage I, the starting structure 144 (a linear chain of amino acid residues) is minimized and equilibrated (1 ns). Subsequently, 145 9 a segment of classical MD is run (400 ps), with snapshots taken at short intervals (4 ps). 146 Thereafter, a brief segment (100 ps) of perturbed MD is run, during which the atomic 147 charges native to the force field are replaced by non-native charges (conformation-148 dependent atomic charges obtained via an electronegativity equalization method) 26, 27 . At 149 the end of the perturbed MD segment, the secondary structure content is estimated for each 150 snapshot recorded during this short segment, and the snapshot with the highest content of 151 secondary structure is then used as the first frame of the subsequent classical MD segment. 152 This sequence of steps consisting of a segment of classical MD, a segment of perturbed 153 MD, and evaluation of secondary structure is iterated several times (50 times), giving a 154 total simulation time of several tens of ns (25 ns) for stage I. Stage II follows, wherein a 155 free-energy landscape is plotted based on two key measures calculated from each snapshot 156 sampled in stage I, namely the root mean square deviation (RMSD) to the starting 157 structure, and the radius of gyration (Rg). Since the starting structure was linear, the free-158 energy landscape built in this manner allows to identify partially folded structures in the 159 low-energy regions, as such conformers are expected to have high RMSD and low Rg as 160 indicators of folding 28 . Once the stage I snapshot with the lowest energy is identified, it 161 serves as the initial structure for a longer segment of classical MD (20 ns), which 162 represents stage II, with snapshots recorded at short intervals (4 ps). Finally, the overall 163 free-energy landscape is built based on RMSD and Rg obtained from all snapshots (i.e., 164 stage I and stage II). The lowest energy structure is provided as the final, folded structure.
165
A detailed pseudocode of this protocol is available in the S1 Appendix and describes the 166 setting up, running, and evaluating the results of the MD simulations. is concerned with identifying and refining the partially folded structure sampled in stage I.
180
A free-energy landscape is plotted based on indicators of folding computed from the 181 snapshots recorded in stage I, namely the radius of gyration (Rg) and the root mean square 182 deviation (RMSD) relative to the minimized linear structure. A snapshot with the lowest 183 energy from a region with high RMSD and low Rg is used as the initial frame in a final 184 segment of classical MD. The overall free-energy landscape is built using snapshots from 185 stage I and stage II, and the lowest-energy structure is extracted as the final folded 186 structure. We subjected the linear extended structure of the Trp-cage to the CPD simulation protocol.
221
Secondary structure elements formed already during stage I of the simulation, and the 222 expected α-helix and 310-helix were stable throughout stage II (Fig 2A) . In agreement with 223 experimental findings, we found that the formation of the cage depends on the formation of 224 the α-helix (i.e., the α-helix forms first), whereas the 310-helix is less stable and likely to considered that the differences between the reference folded structure and the structure 230 folded via CPD are most likely related to force field-specific limitations 32 . In the CPD-231 folded structure, the hydrophobic core is present, with Trp6 at its center, packed by 232 hydrophobic residues including Pro and Tyr (Fig 2C, bottom) . The specific Trp6 233 interactions are similar to those reported in previous simulations 30 , but different than those 234 in the reference folded structure reported based on NMR findings ( Fig 2C, top) 29 . 235 Nevertheless, mutational studies have shown that non-specific indole/backbone 236 interactions might be more relevant for folding than specific indole-proline interactions 33 .
237
In one of the CPD runs, the Trp3 side chain is not closely packed with the central Trp6, but 238 fully exposed (see S1 Fig) . This feature was previously reported in simulations using 239 completely different setups than our own 32 . Furthermore, the final folded structure from 240 the CPD run does not exhibit the salt-bridge between Asp9 and Arg16, which appears in 241 14 the reference folded structure 29 . The formation of this salt bridge and its role in the stability 242 of the Trp-cage structure are somewhat controversial. Some have speculated that this salt 243 bridge enables fast folding and contributes to the stability of the folded structure 29,32,34 , 244 while others claimed that the fully folded state can be obtained only after breaking of the 245 salt bridge 30, 35 , or that the salt bridge is not required at all for folding [36] [37] [38] . Thus, the CPD-246 folded structure of the Trp-cage is considered to be sufficiently close to the native state. Aβ17-34 is an 18-residue (LVFFAEDVGSNKGAIIGL) segment of Aβ, which, in aqueous 255 solutions under physiological conditions, was observed to adopt an α-helical structure for 256 residues 19-26 and 28-33, with a kink around residues 26-28 ( Fig 2B) 40 . 257 We subjected the linear extended structure of Aβ17-34 to the CPD simulation protocol.
258
Already during stage I, we observed the formation of an α-helical element in the second 259 half of Aβ17-34, along with the expected kink. Stage II sampled the full length of the α-260 helix between residues 28 and 33, and the kink at the expected position between residues 261 26 and 27 (Fig 2A) . Interestingly, an intermediate with 310-helical structure between 262 residues 25 and 33 was sampled to a significant extent. This observation is in agreement 263 15 with a report based on a completely different simulation setup, where a similar 264 intermediate with 310-helical structure between residues 26 and 28 was sampled in Aβ21-265 30 41 . The final CPD-folded structure does not exhibit a well-defined α-helical structure 266 prior to the kink (residues 19-26) ( Fig 2B) but is within 3.42 Å (backbone RMSD) of the 267 reference folded structure of Aβ17-34 (PDB ID 2MJ1) 40 . It is worth noting here that the 268 reference folded structures from the NMR ensemble differ from one another by up to 2.79 269 Å. Moreover, in the NMR experiment, the Aβ17-34 contained two additional glutamic acid 270 residues at each terminus, which increased solubility and stabilized the helical structure in 271 aqueous solution 40 ; since our simulations only included residues 17-34 (i.e., without the 272 terminal residues added to stabilize the helix), we consider that CPD achieved a 273 satisfactory proportion of helical structure.
274
By comparison, the classical MD simulation starting from the extended structure of Aβ17-275 34 showed formation of significant helical elements only after 80 ns, but these were stable 276 only for approximately 10 ns (Fig 2A) . An interesting feature of the classical MD 277 simulation was that the 310-helical elements seemed to be more stable than the α-helical 
285
We subjected the linear extended structure of (AAQAA)3 to the CPD simulation protocol.
286
Helical segments formed already during stage I and were amply sampled in stage II ( Fig   287   2A ). Since no experimental structure has been published for (AAQAA)3 to date, we used The aim of the current study was to determine whether perturbing the electrostatic 299 component of the MD force field can help expedite MD-based folding simulations. We 300 proposed and successfully validated a simple CPD protocol for rapidly folding medium-301 sized peptides. We further discuss key aspects of the CPD framework. 303 In principle, any charge calculation scheme can be used for generating the non-native 304 charges used in the perturbed MD segments, even if the representation of electrostatic 305 interactions may be less accurate. To illustrate this fact, we repeated the CPD protocol 306 using Gasteiger-Marsili charges (without pi contribution 50 , as implemented in Open 307 Babel 51 ) as non-native charges, and successfully folded (AAQAA)3 starting from its linear 308 structure (S3 Fig). The key difference between the force field-native charges and EEM 309 charges is related to conformational dependence (e.g., side-chain flipping is reflected in 310 EEM charges) and inter-residue charge transfer (i.e., residues will have non-integer charge 311 according to EEM). Despite the fact that Gasteiger-Marsili charges provide a more limited 312 description of the electron density distribution, they can be used to perturb an MD force 313 field that was optimized to work with other types of charges.
302

Role of charge perturbation
314
Perturbing the atomic charges results in perturbing an isolated component of the forces, 315 which is, in essence, similar to effect of enhanced MD strategies such as Hamiltonian 316 replica exchange 52 . Another similarity is that multiple simulations are run using different 317 energy functions, especially if the non-native atomic charges depend on the molecular 318 conformation (i.e., each perturbed segment will use different forces). However, unlike 319 replica-exchange MD, CPD uses sequential rather than parallel simulations. 321 The use of a certain force field can be critical for obtaining correct results. For example, 322 ff03, which is the force field used in our calculations, is known to overstabilize helices 53 .
320
Role of the force field
323
To determine whether CPD can help expedite folding even when using a force field that 324 does not have such a bias, we have repeated the CPD protocol using ff99sb-star-ildnp 54 , 325 which belongs to the ff99sb family of force fields, known to underestimate the formation 326 of helices 53 . Using the CPD protocol with ff99sb-star-ildnp, we successfully folded 327 (AAQAA)3 starting from its linear structure (S4 Fig) . Importantly, the final folded 328 structure obtained using CPD with ff99sb-star-ildnp is less helical than that obtained using 329 ff03, and more similar to the reference structure (backbone RMSD, 1.21 Å for ff99sb-star-330 ildnp vs. 1.98 Å for ff03) obtained by Beauchamp et al. 47 , who also used ff99sb-ildn force 331 fields with side chain and backbone torsion modifications (ff99sb-ildn-phi and ff99sb-ildn-332 NMR, respectively). For comparison, classical MD using the same force field did not Similarly, whether or not non-helical structures can be folded using CPD depends mostly 335 on the force field itself. For example, MD-based studies reported that the force field 336 OPLS-AA can be used to fold the tryptophan zipper (trpzip), a peptide motif that adopts 337 beta-hairpin conformation 55-57 . To determine whether CPD can help expedite the folding of 338 not only helical but also beta-hairpin peptides, we applied the CPD protocol to fold trpzip 339 (PDB ID: 1LE0) starting from the extended structure. For this purpose, we used the OPLS- 346 We designed CPD aiming to expedite MD-based folding simulations without requiring such as the fact that the Trp-cage first adopts a U-shape, then forms the α-helical stretch, 373 and only afterwards forms the 310-helix.
Advantages of CPD
374
Another study that used extended structures as starting structures was performed by Lee et 
385
The literature contains a large and heterogeneous body of computational studies on the 386 folding of the three peptides discussed in our paper. Given that folding for such systems 387 often takes place on a μs time-scale, many studies were successful at modelling folding 388 pathways precisely because they achieved such time-scales (e.g., as did Lindorff-Larsen et 389 al. 17 ). In this context, we conclude that, since CPD allows to fold medium-sized peptides in 390 under 45 ns of simulation time, it is at least one order of magnitude faster than any 391 currently available alternative based on MD. Moreover, CPD is applicable to any class of 392 molecules and can be incorporated into any simulation setup, regardless of force field, 393 treatment of solvent, and other methodological aspects. However, the exact CPD protocol 394 21 should be optimized for specific cases (e.g., by varying the length and frequency of the 395 perturbed MD segments, as well as the type of non-native charges). Finally, CPD does not 396 require a new MD implementation and can be immediately adopted in practice with any 397 MD program.
398
Importantly, the computational requirements for CPD do not differ from those of classical 399 MD, whereas other enhanced MD simulations are more difficult to set up for inexperienced 400 users and typically require above-average computational resources. For example, if a 401 system requires 12 cores (with certain minimal specifications) to run classical MD, the 402 same 12 cores will be sufficient for CPD, whereas at least n×12 cores will be required 403 simultaneously to run replica-exchange MD (where n is the number of replicas), regardless 404 of how much simulation time is covered. The additional CPD step of atomic charge 405 calculation has no effect on the complexity of the calculation, on the required architecture, 406 or on the overall duration of the calculation (i.e., CPU hours). The only determinant of 407 speed is the force field implementation and simulation setup (e.g., all-atom vs. coarse-408 grained representation, treatment of electrostatics, water model), as well as the available 409 hardware (e.g., using CUDA acceleration on machines with GPU). These aspects will 410 influence the real-time speed of the calculation (ns/day) regardless of the type of It should be noted that, while CPD is a fast alternative to other MD-based techniques, it is 434 more time demanding than fundamentally different approaches to folding, such as those 435 based on Hidden Markov Models. The web server PEP-FOLD is a great example of a 436 widely available tool for rapid prediction of peptide structure starting only from sequence 437 information 62 . On the other hand, non-MD folding approaches provide only the folded 438 23 structure, while CPD also produces a free-energy profile where transitions of interest can 439 be further studied; moreover, CPD can be used as a conformer generation tool in the 440 computational study of peptides via chemoinformatics or molecular simulation techniques; 441 finally, CPD caters to a wider MD community because it uses common force fields and 442 samples conformations compatible with such force fields, allowing integration with MD 443 pipelines.
444
Conclusion 445
In MD, the behavior of the studied molecule is simulated under the concerted action of a 446 set of forces described using specific mathematical functions with optimized parameters.
447
Using non-native parameters effectively perturbs the MD force field. We showed that this 448 characteristic can be exploited to help expedite folding simulations. In particular, we 449 confirmed that perturbing the electrostatic component of the MD force field can help 450 expedite the folding of medium-length peptides, with successful sampling of important 451 intermediates, using the same software, hardware, and know-how required for running 452 classical (unperturbed) MD simulations. While CPD does not provide an exact description 453 of the natural folding dynamics, it offers certain important advantages over currently 454 available MD techniques in addition to improving sampling: no prior knowledge of the 455 folded or unfolded states is required; there is no need to change the code or settings for 456 classical MD; the perturbation can be achieved using freely available software; regarding 457 computational requirements, CPD is accessible to any user who can run classical MD.
458
CPD can be employed to probe the folding dynamics of known, putative, or planned 459 24 peptides, as well as to improve sampling in more advanced simulations or to guide further 460 experiments.
461
Methods
462
Simulation setup 463 All MD simulations used for benchmarking followed the same protocol and were 464 performed using the GROMACS package 63 . The extended structures used as starting 465 points in each simulation were generated using the AMBER package 64 . The starting 466 structures were placed in a cubic simulation box using the ff03 force field 65 , in such a way 467
